This article presents the experimental validation of a Direct Adaptive Control for angular position regulation of a lightweight robotic arm. The robotic arm is single degree-of-freedom (DOF) system, actuated by two Shape Memory Alloy (SMA) wires. The proposed adaptive control is capable of adapting itself to the hysteretic behavior of SMA wires and update its behavior to deal with the changing parameters of the material over time. The closed-loop approach is tested experimentally showing its effectiveness to deal with the highly nonlinear dynamics of the SMA wires. These results are discussed and compared with a classical control approach. The updated design and hardware development and modeling of the robotic arm are shown.
INTRODUCTION
In recent years, Shape Memory Technology (SMT) has become a trend in the research for alternative actuation systems. The term SMT is used to describe the implementation of materials with Shape Memory Effect (SME). This effect is the property of materials to recover their original shape, after being deformed, upon external stimuli. These stimuli can be thermal, chemical, mechanical, among others. A common type of materials with SMA is the Shape Memory Alloys (SMA). These materials include a group of alloys (most commonly Nickel- * Address all correspondence to this author. Titanium [1] ) which can be easily deformed at lower temperatures and then recover their original shape when subject to proper mechanical or thermal stimuli. This transformation occurs due to an inner shifting in the material's crystalline structure. At lower temperatures, the material transforms into martensite, a highly malleable phase. When the SMA is subjected to the proper external stimuli, it transforms into austenite phase, a rigid cubic structure, allowing the material to recover its original shape [2] .
The increased interest in the implementation and research of these materials is due to their multiple advantages over conventional actuators, advantages such as high force to mass ratio, corrosion resistance, biocompatibility, noiseless operation, among others. These advantages make SMA suitable for a wide range of applications, ranging from biomedical and dental implants to aerospace engineering. Some SMA applications that we can find in the literature are for example, in medical areas as intra-arterial supports [3] , adaptive anklefoot orthoses [4] , skeletal fixation devices [5] or orthodontic applications [6] . We can also find implementations in aerodynamics as an actuator for morphing segments on UAV [7] or wing shape control [8] .
Many other specific purpose applications have been reported in the literature such as camera lens focus actuators [9] , car mirror actuators [10] or SMA based motors [11] . Other examples of this are the multiple robotics implementations. For instance, the robotic arm developed by the author in [12] or the anthropomorphic robotic fingers proposed by [13] and [14] . Along with these specific purpose applications some more general, advanced control oriented application have been developed as the ones presented in [15] [16] [17] [18] .
In spite of their multiple advantages, SMAs also entail different kind of challenges for mechanism design and the control of them. Most of the aforementioned applications, imply a complicated mechanical design or are oriented to micro-scale actuation. To solve this problem, a lightweight design for an SMA actuated robotic arm was proposed in [19] . This proposal, using 3D printing technology and lightweight materials, together with a relatively simple mechanical design, achieves a lightweight robotic arm suitable for implementation in mobile environments where the weight and size is a primary concern, as flying manipulation. An improved mechanical design of this proposal is introduced in the current work.
In addition to the mechanical challenges, the nonlinear dynamics of the SMAs make them difficult to control and model. Among these nonlinear dynamics, we found principally a highly hysteretic behavior, phenomena as dead zone or superelasticity. For this reason, multiple control approaches have been developed an reported in the literature. From simple classical control techniques as PID or Variable Structure Control (VSC) [20] , to intelligent control as fuzzy control approach [13] or neural networks [12] . A set of techniques proven to be suitable to face the highly nonlinear behavior of these materials are those of the adaptive control. Different adaptive techniques have been implemented for SMA control. These techniques can be broadly classify in Direct and Indirect adaptive control [15-17, 21, 22] and intelligent adaptive control. This latter class includes techniques combining adaptive and intelligent control, like the ones reported in [23] [24] [25] . These intelligent adaptive controls depend on the identification of multiple parameters, and their quality relies on the number of neurons and persistent excitation conditions. Contrary to these methods, we propose a Direct adaptive control method where only one parameter needs to be tuned in real-time for each SMA wire.
SMA WIRE ACTUATED ROBOT ARM DESIGN
This section presents the mechanical design of the proposed SMA wire actuated robotic arm. Figure 1 shows a Computer Aided Design (CAD) model of the lightweight robotic arm. The mechanism presented here is based on a previous work published in [26, 27] . The proposed design is a lightweight robotic arm with one Degree of Freedom (DOF), actuated by 3 SMA wires. The custom design of the pieces, together with 3D printing technology and light fabrication materials, permit the construction of a mechanism with an approximated weight of 50 g and a range of angular displacement up to 90 degrees.
The robotic arm presented in [26, 27] is originally based on the joint proposed by the authors in [20] . This design proposes two couplers (coupler-1 and coupler-2), each one actuated by an individual SMA wire (SMA-1 and SMA-2 respectively), and joined with a torsion spring in between the couplers. This configuration allows for faster response of the overall system by controlling the total stiffness of the joint, thus increasing or decreasing the transformation temperatures, which leads to a faster forward or backward transformation of the SMA-1. The stiffness adjustment is carried out by the SMA-2 while the angular position of the joint, and the end-effector's position, depends directly on the SMA-1. The current work proposes a new mechanical design for the robotic arm's prototype. A couple of groove bearings are implemented, substituting the previously proposed winding wheels (see [27] ). This change allows lower overall friction, thus higher angular displacements while handling the SMA wires relative high temperatures adequately. Furthermore, an entirely new mechanical design for the gripper and its actuation system is presented. This end-effector is actuated by a biased SMA wire. The bias force is provided by a 3D-printed custommade spring. The SMA wire is wound over the spring itself. The later one converts the transversal movement of the wire into longitudinal movement along the shaft of the end-effector, which induces the open-close motion of the gripper.
The low weight of the overall actuator, along with its wide range rotational displacement capability, makes this actuator a suitable alternative for applications in aerial manipulation with small unmanned aerial vehicles (UAVs). Although all the experimental test presented in this work were performed with a wired communication, the proposed system is equipped for wireless communication using Robot Operating System (ROS). ROS implementation allows for future mobile environment tests, as a flying manipulator on UAVs for example.
SYSTEM MODEL
In this section, the mathematical model of the SMA wire actuated robotic arm is briefly described. Figure 2 shows a block diagram of the full robotic arm model. The model consists of three elementary submodels: 1) SMA wire model, 2) Kinematic model and 3) Dynamic model. These are briefly described in the next subsections.
SMA wire model
The SMA wire model is subdivided into three submodels as shown in Figure 3 . The first submodel is the heat transfer model which describes the thermal dynamics of the SMA wire when being heated by Joule effect and cooled down by natural convection. The next submodel, the phase transformation model, computes the SMA wires' martensite fraction (ξ ). To accurately represent the characteristic hysteretic behavior of the SMA wire, this model consists of two different equations for cooling and heating respectively. Finally, the constitutive model describes the dynamic relation among stress (σ ), strain (ε), temperature [28] and then improved in [29] .
Kinematic model
The kinematic model is the bridge between the SMA model and the dynamic model. This model describes the relation between the strain of the SMA wire and the angular position of the coupler with respect to Z-axis. The kinematic model depends directly on the geometric and mechanical design of the robotic arm mechanism. This relation is expressed as:
where r is the coupler radius, l 0 the initial length of the SMA wire andθ the angular velocity of the coupler to which the SMA wire is attached. Finally the sub-index i = 1, 2 indicates the corresponding wire SMA-i. 
Dynamic model
The dynamic model describes the interaction among the couplers mechanism, torsion spring, SMA wires and other phenomena like gravity and friction. In general terms, the dynamic model for a robotic arm is written as follows:
where θ ,θ ,θ are the angular position, velocity and acceleration of coupler-1 respectively, I (θ ) represents the inertia matrix, C m θ ,θ is the centripetal-coriolis matrix, g (θ ) is the gravity effect over the system, V d is the dynamic friction coefficient matrix, Φ (θ , θ r ) describes the hysteresis present in the system, τ ω is the torque generated by the stress applied by the SMA wires over each coupler. This torque can be expressed as:
where F wi is the SMA-i wire mechanical force. For further detail on the mathematical model of the full SMA wire actuated robotic arm please refer to [26] .
ADAPTIVE CONTROL FOR POSITION REGULATION
In this section, the analytical development of a Direct Adaptive Control for the two SMA wires actuated robotic arm is presented. This proposal is based on the adaptive control presented by the authors in [21, 22] . The experimental validation of this controller is presented in the following section. This adaptive approach considers the general dynamic model for a robotic arm shown in Eqn. (2) .
Defining the angular position error (e) as follows:
where θ r is the desired angular position of the end-effector. And the first time derivative of the error is given by:
Subsequently we denote the filtered error r (t) as:
where α is a known positive gain, and each SMA wire has independent filtered errors. The robotic arm's open-loop, after mathematical manipulation, can be written as [30] :
and
Based on Eqn. (7), the control input is chosen as: where τ is the control input vector, K is a positive gain matrix andς is the estimated value of ς .ς is estimated as:
where ϕ is a positive adaptive gain. The closed-loop dynamic is written then as follows:
andς = ς −ς . For further details on the development of this control approach and stability analysis please refer to [21, 22] . A saturation step is applied to the control input obtained from the proposed adaptive control (AC). This saturation avoids overheating of the SMA wire as well as negative voltages. The full block diagram of this control scheme is shown in Fig. 4 .
For comparative analysis, a PID control is also designed and experimentally tested. Defining the regulation error as shown in Eqn. (4), the PID control law is computed as:
Similar to the AC control the PID control signal is also limited to avoid overheating of the SMA wire or negative voltages.
EXPERIMENTAL RESULTS
This section presents the comparison and discussion of the experimental results of both control approaches namely AC and PID. Figure 5 shows a block diagram of the experimental setup designed for the results presented in this section. An image of the actual experimental setup is displayed in Fig. 6 .
The control input for both control approaches (AC and PID) is computed in Matlab/Simulink. This voltage value is sent via serial interface to a micro-controller ESP-12E, then processed into a PWM signal and applied to each wire through a MOSFET based power interface. The angular position is measured by a potentiometer (Bourne 3382G) in combination with a 12 bits ADC. The measurement is processed by the micro-controller and sent back to the Matlab/Simulink interface via serial communication.
The SMA wires used for these experiments are from Dynalloy. Flexinol wires of 0.31 mm diameter and 40 cm length are used for SMA-1 and SMA-2, while the gripper is actuated by a third Flexinol wire of 0.15 mm diameter and 10 cm length. The two 7.5 mm diameter arm couplers are joined together by a torsion spring with a stiffness coefficient of 3.2 Nmm per degree. Both controllers were heuristically tuned to achieve the best possible regulation performance. The gains for the AC controller were set as follows: α 1 = 1, K 1 = 1.4 and α 2 = 1,
Similarly the gains for the PID control were set as: K p1 = 2,
The saturation voltage for both controllers is set from 0 to 4.5 V. The controlled variable is the angular position of the robotic arm, thus the angular position of coupler-1. The position of this coupler is measured in relation with the negative Z − axis (see Fig.  1 ), where the zero position occurs when SMA-2 is at minimum strain, and the end-effector is over the negative Z − axis (hanging down).
The controllers are tested for position regulation at three different desired positions. These desired positions are introduced as step signals at 0, 20 and 40 seconds time with values of 16, 25 and 12 degrees respectively (dashed line Fig. 7) . The initial position of the robotic arm is the equilibrium point at ambient temperature and 0 V for both wires. It is important to notice that this initial position is different in each test. This difference, independently of the control approach, is due to the dependence of the wires on the pre-stress as well as previous states of the wires themselves. Thus the resting point at 0V and ambient temperature changes slightly between each test. The experimental results for position regulation for both control approaches are shown in Fig. 7 . The system was configured so that the control actions start 5 seconds after the data acquisition initial time (t=0). This initialization time allows the filter applied to the acquired data to stabilize before starting the control action.
Three different values were used to analyze and compare the performance of both controllers. These values are the average overshoot (OS), the average settling time during rising (ST+) and falling(ST-) references and finally the steady state error (SSE). Table 1 resumes these values for each control approach. The AC approach presents a slightly higher (2.06) OS in comparison with the PID (1.63 ). However, it is important to notice that the overshoot for each reference is only higher for the AC control during the first step. When comparing ST, the adaptive control has significantly faster ST with 3.4 s rising and 14.6 s falling references, while the PID control ST are 8.8 and 15.1 respectively. For the SSE the AC also presents better results with an SSE of 0.05 while the PID SSE is 0.083, these results are better shown in Fig. 8 . In the overall, the adaptive control proved to be a better approach to deal with the nonlinear dynamics of the SMA wires. Figure 9 shows the control voltage for both controllers AC (9a) and PID (9b). Here we can appreciate the voltage applied over SMA-1 and SMA-2 by each controller. However the voltage profiles are similar for AC and PID control, we can see a faster and higher response of the control voltage for AC controller, leading to a faster response and lower ST.
CONCLUSIONS
This paper presented the experimental validation for position regulation of an SMA actuated lightweight robotic arm using a direct adaptive control law. The robotic arm is actuated by a couple of antagonistic SMA wires, while a third SMA wire bia- sed with a 3D printed custom spring actuates the gripper. The overall mechanism has an approximated weight of 50 g and a range of angular displacement up to 90 degrees. The design and mathematical model of the actuator were described. A direct adaptive control approach (AC) for angular position regulation was proposed and tested experimentally. These results were then compared with a classical PID control. After comparison of different aspects of the controller performance, such as overshoot, settling time and steady-state error, the adaptive control proved to deal better with the hysteretic nonlinear dynamic of the SMA wires. In future work, the response of the AC approach will be tested for disturbance rejection. Also, an observer-based controller will be implemented in order to achieve a faster and more accurate control performance. 
